
AD-Ri28 797 MECHANICAL PROPERTIES OF LOWER LIMB TENDONS AND i/i
LIGAMENTS IN PRIMATES(U) MICHIGAN STATE UNIV EAST
LANSING DEPT OF BIOMECHAlNICS D J SELKE ET AL. JUL 82

UCASIFIED AFAMRL-TR-82-56 F336i5-79-C-65i4 F/G 6/0,9 NEECLS Eo n 6 ohmo miE
EhhmhhhhhhhhhIIII."



2.. .. I 
.

LIM1.1 ,

MICROCOPY RESOLUTION TEST CHART ImTO4La~iO #Ii-g3A4

MA704KA UREM OF STANDUMO-1963-AI

11.0

Lu-

MIRCP RSIUIwTETCT-

- -- .~ .~. NATIONL IIAEU 9OHMIONSIIA-

sIM'W WWO TIMW~t

IL

MICROCMP RIUOUITIO TEST CHART MCOOYRuLTI~N
NWsmt lUftW OF IANS-116"

V.



* I, AFAM KMM

* MICANICAL MRRINIS OF LOW=R LIME TillDisNS
* JNDL~AUT IN PRIMATES

DANE of. SULK
BRBU WM. Ufi=L m
ROBZRP. HIUBDA 1, Mh

SANT LANSIN, MCAIGAN 4892

AFORC ANRACEM MEDCA RESEARH L"A WMRY

40 &4

AM YOMG SYSTD COMIWID
WUGI-PATIIO AMR FORME MAME OilO 4843

82 10 27 034,



~~~0mR~~~~~t*as fdtdG tpoueetoeat, the doerme"t thremy Pnurse note r thpnilt
Uwny 4ft"n whotmover, edthe fadt "ha the Goverment may have ftomulated, furished, or

1*4an way suplid the iiald drawiut scficatims, or other data, is not to be nearde by
iompb~o or otherwoise aa in a~ anrlcnigteble rany other person or corporation, or
.aavpln any right orPermisuion to mauatrue, or sell any patentedl invention that may, in any

Please do not request cOPWs of this report from Air Force Aerospace Medical Research Laboratory.
*1 Adltonal coptesmnaybe purchasedfrow,

National Technical Informotion&service
5M8 Port byal Road

Spring iVrginia 22161

Federal onxmt apepsan d their contractmr registered with Defense Technical Information
Center should direct reqWess for Oies of thsrepot t6:

Debase 'ehia nomto enter

AW.~mndoi, VUOg"i 22814

* ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~10 hh ~elut eoe eenwr cd~dawlugt h 'uer the can. and Use of
LabortoyA =ial, 120ttt fLbrtoyMm!Eeace Natioal Research Ceunil.

This repot has been reiwdby the Office of PAbli Aftais (PA) and is relesabl to the Natinal
Technical Information Service (NTIS). At NTIS, it will he Availabl to the genmeral PvWlc incldin

4This technical report has been reviewed and is approed fer publiction.

"I ORME COMMAMDE

IH3ZNNM'VON GIELtK, Dr k4w

81aynamics and BOelnewn Division
Air Force Aeroepace Medica Research Laboratory



OUsmv CASIFICATION OF THIS PAGE Rftm.Du oinemers_______________

REPORT DOCUMETATIO PAGEINNT CAAO UI

AFAMRL-TR-82-56 b 7t'ftI 079 __________

'TITEF(ft Iabomo) U. TYPE OF REPORT 4 PEIOD0 COVERED

412CRAXICAL PROPIRTIES OF LOUlR LIMB TENDOS Technical Report
ARIDLIGAENT IN lIATS S PERFORMING ORG. REPORT NUMBER

7F. AIJTNOR(Q S. CONTRACT OR GRANT NUMUER(e)

Daniel J. Stalks, Robert Va. Little, Ph.D., F33615-79-C-0514
Robert P. Hubbard, Ph.D., and A.R. Slonim, Ph.D.

C. PERPOMMt ORGANIZATION NAMIE AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

Michigan State University AREA & WORK UNIT NUMBERS

Department of Bioftechanics 62202?, 7231-14-0
East Lansing, Michigan 48824______________

1I. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Ar Force Aerospace Medical Research Laboratory July 1982
Aeospace Medical Division, Air Force Systems -13. NUMBER OF PAGES

ud r ht-Patter Air Force Uase ON 45433
T& MNITOING ANCY NAM F ADO ES5eiI We~brnt booe CaIus*Uind Office) 15. SECURITY CLASS. (of due 1spesfj

Uvclassified

Is&. DECKRSSIFICATION/DWNGRADING
ICN E I.

1.DSTRIBUTION STATEMENT (of.hi w~a re)

Approved for public release; distribution unlimited.

3?. DISTRIBUTION STATEMENT (of the abstract entered in Black20 Of diet ken Report)

1.KEY VOD (Gna an reoe aid* Of necesary wd filottifj by &task ember)
Lower Limb Tendons and Ligaments Hysteresis Chimpanzee
316io"chanical. Response Relaxation 1bratory Loads
Miechanical Stress Vertebral Leve. '.al Models
Material Property Characteristics Rhesus Monkey L, Injuries
Constant Strain Rate Baboon

* 3 ASYRAT (COAneMan re..... side It tweoey an Idwoth, by Week Member)
Ibis report covers a study of the material property characteristics of four
ligaments and tendons from the lover limbs of primates and is part of a three
year study of the mechanical properties of soft connective tissues. The
mechanical properties of the medial, collateral, and patellar ligaments'of the
lose and the flexor hallucis longue and tendo-calcaneus tendons of the ankle
of the rhesus monkey, baboon, and chimpanzee were tested.* The mechanical
test progra included establihment of" initial tissue, geometry, relaxation,

* coeeat strain rate, hysteresis,, and cyclic relaxation tests. Long term

vim , oJ)10ES 00 OF I NOV 49 18 ONSOLITE

SECURITY CLASSIFICATION OF THIS PAGE (Xe t~a Entree)



SECURITY CLASSIFICATION OF TmIS PAIS"40 004 S~n"

pr conditioning stability was monitored throuShout the ist prugrs.

Information on the mechanical properties of the 1gsmtM &Rd te06Ma to

essential to the understanding of injurtes that result frseee&pe sad creeh
episodes. Different primate species data will aid In tta &elettse of &sInl

models and interspecies scaling techniques.

SCD

4..'4-

.4 EUIYCASIIAINO 141P0f9flDe#:mE

i- .'.



This report presents mechmnical test data for two tendons and two
ligaments o th lower liab in three prinate species. The research is
being conducted in order to gain insight into the nchanism of extremity
injuries encountered during egress from high performance aircraft.

Both the ligaments and tendons exhibit viscoelastic effects over both
short and long range test programs. These viscoelastic effects may be
correlated with the percent of elastin in the tissues and show variations
betmen species. The mechmnical properties of the nedial collateral and
patellar ligamnts of the knee and the flexor hallucis longus and tendo-
calcaneus tendons of the ankle of the rhesus monkey, baboon, and chimpanzee
are presented and specific paramaters are determined to be used in the
dsvelement of mathemtical models. These models will serve as the basis
for hmu injury studies.
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U Mechanical Properties of Iowar Limb Tendons and Ligaments in Primates

INTRODUTION

The transmission of force and the control of motion in the skeletal
system are influenced by the mechanical properties of ligaments and ten-
dons. Tendons are mostly collagenous connective tissue and connect muscle
to bone. Ligaments provide bone to bone connections and are composed of
both collagen and elastin. Because of their importance to the understan-
ding of body mechanics, these tissues have been the subject of many investi-
gations. In 1965, D.H. Elliot (2) published a comprehensive survey of the

Fe literature on the structure and function of mammalian tendo. He described
tendon as consisting almost entirely of collagencus tissue (80% of dry
wight) with the collagen fibers in parallel wavy bundles. Elastic fibers
are re prevalent in ligaments and the collagen fibers are uh less
aligned than in tendons. This fiber composition and structure greatly
influence the mechanical response of these soft connective tissues.

The viscoelastic nature of biological tissue has been considered in
detail during the last two decades. As long as the strain did not exceed
approximately 4% for strain rates between 1-20%/minute, Rigby et al. (8)
found that the rat-tail tendon's mechanical behavior was reproducible, or
reversible, if the tendon was allowed to rest a few minutes after each elon-
gation. Partingon and Mod (7) in 1963 showed that the stress-strain
properties of rat-tail tendon fibers ware reversible up to 2% strain. If
fibers were stretched more than 3%, the mechanical behavior was irreversi-
ble, and the fibers did not return to their original length when released.

In the reversible region, tendons and ligaments exhibit a non-linear
behavior. A typical stress-strain curve is shown in Figure 1, and can be
divided into three ranges. In Region 1, it is felt that the response is
linear due to the elastin fibers resisting extension, and the wavy colla-
gen fibers straightening. The secondary range, Region II, shows gradually
increasing slope due to the loaing of the collagen fibers. In the works
of Rigby et al. (8) in 1959, Millington et al. (5) in 1971, and Dianant et
aZ. (1) in 1972, it was concluded that Region III exhibited a high, con-
stant slope as all straightened collagen fibers resisted frther exten-
sion.

Rigby et al. (8) computed an average maximum slope from thq stress-
stain curves for wet rat-tail tendon to be 8.0 + 2.0 x"10 dynes/
cm (800 + 200 W a) at a strain rate of 10%/min. They also noticed
that strains up to 20% could be reached without collagen fiber bundles
breaking if the strain rate was sufficiently slow, less than lA/min. When
strain rate was increased, the stress-strain curves appeared to be identi-
cal, but shifted toward the stress axis. Elliott (2) in 1965 measured the
mechanical tensile strength of certain tendons from different mmmalian
species, wih the human tendo-calcaneus tendon having a tensile strength of
4.7 khgum (0.48 MPa). Minns et al. (6), in 1973, served complete
elastic recovery in human Achilles tendon specimens that were loaded up to
2% strain, and gave values for the failure stress for certain tendons and
ligaments. The ?ensile strength of human Achilles tendon was given as
4950-8000 ]/in (1.73-2.79 Wa); while the tensile strength was 200- .
2500 lbs/in (0.07-0.87 Ma) for the ligamentum nuchas from an adult cow.
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'11181 (12 in 1960 reported a higher ultimate strength for tadons of
50-100 NU'J (50-100 M'a) with an ultimate strain in the range of 15-30%.

Siological meterials exhibit viscoelastlc behavior in any tiimemdepmn-
dont toot. as ia revead in the rate deednyfor stress-strain tsts at
8.tffevet owtant strain rates, the hysteresis imie cyclic loadiag, the
qplic stress relaxation, an the st=es relaxation under caonstant. strain.
D! 1972, icing (3) noted that the hysteresis loops of canine artery
dereased with succeeding cycU* to a steady sate after a noober of
cycleS.S Top et at~. (U1) 'in 1974 recorded decreine in hysteresis loop
area, and indmm stress under cyclic strain to a constant maxium strain of
2% for rat-tag tendon. Thy also shesd that the decay in aximin stress
versu the log of the nuimr of cycles wa almoast a linearly decreasing

f -cion Similaw to stress relaxation at constant strain.

1 rsercer orfern usddfeet o1ds of testing and data
umlyisbat All foutid that tevdon and igamnts exhibited viscoelastic
jw~stiesthat cculd be defined from stress-strain airres hysteresis,

cryc ad relaxation data. with these parameters a 11tmatcal model
commi be dovekapoi to decibe OWb tio"n. This pooer Will present the
inobenil prcparties. of the us4La colateral and *pateLlar ligamts of

* tk* kQne Od the fie I blkacis 3 a wm-tos fthe
*ele of tft AMesA 0*000y beb* r, = chiepsse to dett~m paremters

that could be used In I .Pwl"it of a 111tlca] NOW.

Talmiqmus In saple pamperation and grViing :ad thet test protocol
urndi~sd taua pn$ study (4), * ifte dmovstliM' pra 0 suebm also

*bow. discussed ina a. report cc the 11ig0mst, aiG to 'mcph~a"nW d histo-
laM (9). Alaticnlhtlal 101tfta 'modes of thm longitudinal
motions to eiinte the paki"'JMt 0*eapiVremet in, the tissues. "bme
vice visual inspections with use 0i a i-acosodol th elastin was found
to be awe prdz~ent in the periphera poto hnIn the central ae

id~c c~~ms1of de, JoUg fIe bundles., so Precise um m
amid be, AM* db to tik elaatio fiber wavia s ich exhibited eacentric
length da Marnde. "ae Parcmnt ,of elastin in the different tissues is
stmearisd in Table 1.

Lji9mot or ITIAM PAeUs Wbaby Behoo Chlzpneem

tzWW 81linois Iagmom is5-0 5% <11

1'nuio-Ca14sa 1WAMi 20% 30% 5-10%

ialia Colltsal Llgmnt 25-3f% 25-3ft 25-301

Pateliar i90mnit + 25-3f% 10-11"

4o vSaue weitated sinoe soles %md for testing uro so wall that
am histological Nip F Oatiom "IWO od for Idsteuuiin llimnt cross-

~stion, Insaff iiet mterial wasaailable for Jcnitudinal sections.
iN
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PTestin Protocol:
Preliminary testing was used for grip design refinemet and the confir-

nation of the general viscoelastic nature of the tissues. This testing
sh•e d that the tissues exhibited a typical soft tissue load-extension
response with increasing stiffness at low elongations and an apparent
linear region at higher elongation. Each tissue was ramped slowly to the
point where the load deflection response was in the linear region, and this
maxinm extension established the maximum strain, E*. Initial testing was
used to establish the following protocol for examination of the response to
successive extensions, the relaxation of load, and t2 load response to
haversine extensions at various frequencies.

A. Preconditioning

1) Thaw test sanple, wet with normal saline.2) Mount sample and tighten grips.
3) Ramp slowly to establish a strain level E* well into linear

region III, which will be the maxim= non-destructive strain.
4) Hold at E* for 2 minutes and tighten grips.
5) Unload and wit 10 minutes.
6) Tan constant rate cycles of 1% per second to 3*.
7) Wiit 5 minutes.
8) Determine initial unloaded length
9) Three tests to E* at 1% per second with 5 minute wait after each

test.

B. Constant Strain Rate loading and Unloading

1) one test at 100% per second to E* followed by 5 minute wait.
2) One test at 1% per second to 3* followed by 5 minute wait.
3) One test at 0.01%'per second to E* followed by 5 minute wait.
4) To tests to E* at 1% per sec(xd with 5 minute wait after each to

check preconditioning stability.

C. Cyclic Tests

u~mninti~of the data fron the last test in BA4 will establish the
strain, e , at the transition from the non-linear toe region, region II,
to the linear region III.

1) Cycle strain frca 0. 4 X  to Ex at 10 Hartz for 40 seconds
followe by aS5 minute wit.2) Uing the sm minlim ad maxim strains as test C.l, cycle 40
se moms at 1 earts folowd by a 5 minute wait.

3) Wsq ing inimuam nd maxim strains as test C.l1, cycle 40
seod at 0.1 Owts tolow by a 5 minute wait.

4) 0m~k pmwoitiming stabi1y by tt B.4.
5) OWkW a strain equal to - + 0.2(3* - WI) as a mininLm and

o as tihe sm levl, cycle 40 seconds at 10 Hertz followed by
a 5 S wnt wit.

6) Using ths malmma dma i strains fram C.5, cycle 40 seconds
at I Ewts foUmmd by a 5 minute wait.

7) Usb the min m andaui strains fran C.5, cycle 40 seconds
at 0.1 Ots foLtomd by a 5 minute wait.

6) am* pcocaitioning stability by test B.4.

7



D. Relaxation

From the _second test in C. 8, determine new E transition strain or
confirm W from test series C.

1) Raup at 100% per second to 0.7EII and hold until relaxation
approaches zero (approximately 10 minutes).

2) Return to zero strain and wait an equal tine as relaxation time
in D.1.

3) Ramp at 100% per second to E* and hold until relaxation
approaches zero (approximately 25 minutes).

4) Return to zero strain and wait an equal time as relaxation time
in D.3.

5) Check preconditioning stability by test B.4.

Geometric Properties:

The initial length of a tendon or ligament was defined as the distance
between grips and was measured with the unloaded tissue in place in the
testing nachine. Crude cross-sectional areas were taken at this time,
width times thickness, but the areas used in data analysis ware obtained by
tnmsuretents from histological slides made after testing. The cross-sec-
tional areas calculated did not include the surrounding connective tissue
having a large elastin content in the peripheral area. Any discrepancy of
the cross-sectional areas of the tendons and ligaments recorded between
right and left leg can be explained by the fact that the primates tested
were of different sex and body weight. Thus, the chinpanzee's left and
right patellar ligament and flexor hallucis longus tendon we taken from
two physically different specimens, one weighing nearly three times more
than the other.

RESULTS AN DISCUSSION

An initial adjustment of biological tissues to load and deformation
was suggested by Fung (3), and initial testing was suggested to obtain repro-
ducibility of test responses. This adjustment was tersed preconditioning
and although observable it is not conceptually understood. T a t
test protocol incorporated an initial preconditioning and constant strain
rate tests throughout the balance of the testing program to check stability
of the preconditioning. In general, it was found that the material could
not be preconditioned in a manner to yield reproducible 1% per second
constant strain rate responses throughout the program. The peak stress at

*n-ximna strain during these checks was normalized against the post-precon-
ditioned peak, and the results are shown in Figures 1-4 for each tissue and
different species.

8
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It is not known whether these preconlitioning or long term viscoelas-
tic effects are independent of the short term viscoelastic responses nor
their exact cause. It has been suggested that they may be due to changes
in the state of cross-linking, alteration in the state of hydration, or
realignment of the fiber matrix. Figures 1-4 indicate that the peak check
loop stress declined or relaxed to 70-90% of its initial value during the
test sequence. This lack of stability presents difficulties when one
atteapts to coupare the response to different tests within the test proto-
col due to the continuous long term relaxation. Howver, cosarisons; may
be made between specimens for any given tests due to the standard protocol.
The observation that ligaments and tendons do not reach a stable precondi-
tioned state also raises questions about direct ccuparisons between one
study and another when different test protocols are used.

The mechanical properties of the 4 tissues from the different species
are summarized in Table 2 for a constant strain rate of 100%/sec. These
data are based upon averaged curves for each of the t1sies shoam in
Figures 5-8. The stiffness or tangent modulus of the tendons were within-
the range of 300 to 1000 MPa as reported by Swanson (10) for mumvlian
tendon. In general the tissue from the chimpanzee wms stiffer than that
from either the baboon or rhesus monkey. This coincided with the smaller
percent of elastin in these tissues for the chirmansee. This variation in
elastin content between species may represent a functional adaptation
reflecting different lower limb usage by the various primates.

Z82. A BON W ini PM SWUI N3MA. inI3
MA A SmAm upi or 100/M.

LlgMat *balss ~Mor Mji g4a j StaWLS ras 0 Cc* 11 VA --smin saw 20090of tre MS at 5% me. Stims to loading w A-IPN ag.P PAN*- Strain, weB me D: -

"*" 9 8.39 4.76-17.67 13.12 65.50-212.11 18.66 S.57-21.49 6Go

adman 4 3.63 4.62-14.3 17.50 3.46-10.25 20.81 5.637.46 950

a 2 8.46 8.12, 6.79 38.50 62.06,346.57 30.46 23.41,37.55 1050

*s6 7.86 4.12-11.63 10.50 3.44- 37.70 32.67 16.64-40.17 670

gawk Bbo 4 7.6 S.6- 9.18 4.80 0.63- 24.05 24.90 8.00-53.23 260

aChh 2 6.60 5.52, 8.08 17.30 13.46, 37.70 37.61 35.50,40.12 1060

IaMMUS 2 9.15 8.39, 9.92 6.60 17.76, 26.08 33.30 26.15,40.44 500

Lhsnt aman 2 4.56 4.12, 4.99 17.40 12.05, 14.01 43.32 42.42,44.22 640
2 5.60 5.56, 6.04 15.0 13.7, 22.55 19.07 0.00,36.13 610

patellar 3AMM 2 9.64 9.40, 9.87 1.0 2.87, 4.35 44.29 40.92,47.66 75

MM 2 6.00 4.04, 7.95 6.20 1.16, 9.71 47.26 4.94,49.5 360

chim 2 4.M 3.62, 4.93 19.20 16.71, 69.s6 20.65 13.70,n.00 690

+TO awa1 e CC all amam test strains for all *=Vim.
0.0. 0a o strain valan that amurrud at dlffetrat test strains for ah s"e imn.

ValUm "M II at 5% strain fram the sUess-strain curm in Figurs 5 to S.

RAt5 of Stress Values that aamrrst at diffzent ps astrains far swh qVinen.
' Of aP all IuaesL i S WW to t m l eoi ng nawy fo r all m1es .Vaum mre tm - tim alqes of tm arqs contat stss-strain cuves in FLgures S to 8.

13

.o



404

0-O Rhesus monkey

35" 0 Baboon

Li-7~Chimpanzee

30-

25q

094.

K20,

10.

5.

02 3 4 1

Strain

Figure 5: Average Stress-Strain Curves at a Constant Strain Rate of
100%/Sec. for the Flexor Hallucis Longus Tendon
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Figure 6a Average Stress-Strain Curves at a Constant Strain Rate of 1*

• , 1O0t/Sec. fox the Tendo-calcaneus Tendon
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Figure 7t Average Stress-Strain Curves at a Constant Strain Rate of
100t/Sc. for the Medial Collateral Lgament
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Figure Gs Average Stress-Strain Curves at a Constant Strain Rate of
100%/Sec. for the Patellar Liqament
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Lop-e variations occurred in the mwduam test strain 3, and therefore
stress Lo.onu mre ne at a strain of 5. ysteeis is defined as
the percent of energy dissipated of the input energy dring a constant
strain rate cycle.

mID 3. A SUMW CU ow
O NO== mom=. wni vZiUm 5MM366

twot of 100.S,~ Main Rd* YBn

Ugint Sami.. train owutwi1  ngt IMMOi Motsris'

I I some'sI

woma 100.00 100.0 100.6 106.0 100.0
1.00 97.1 91.0 87.5 91.5

Flo 0.01 63.0 79.0 73.0 87.7
tnwluis
imS Bmxp 100.00 100.0 100.0 110.0 100.0

1 ," 1.00 ".2 93.5 67.4 65.7
0.01 0.3 $2.0 74.8 79.5

Cg 100.00 100.0 100.0 100.0 100.0
1.00 93.0 91.5 65.5 4.9
0.01 63.6 77.1 76.9 52.9

alm 100.00 100.0 200.0 100.0 100.0
1.00 97.3 92.4 63.S 60.7
0.01 60.2 77.7 67.1 6.9

19m3M D06.00 100.0 06.0 06.0 10.0
1.00 99.4 94.5 64.3 72.8
0.01 69.5 79.9 6.6 69.1

Chis 100.00 160.0 106.6 100.0 1660.0
1.0 U.9 65.3 692.5 66.3
0.01 63.0 65.1 79.8 5.7

M10.00 10.0 100.6 10.6 100.0
1.0 91.4 9L.7 66.5 59.9

"bhlal 0.U 0.3 61.3 75.6 5S.S

IgMt 3*mi 1.00 160.0 10.0 106.6 106.0
1.0 U.2 0.9 73. 30.7
0.01 1.6 2.0 41.6 39.9

Chu*i 10.00 V0 .0 M.0 14.0
1.0 0.4 6.0 6.4 U.1
0.01 79.6 61.6 0.6 39.4

Umm 106.60 100.0 100.0 166.6 166.0
1.00 91.4 00.6 6.S 53.9
0.0 65.4 6.3 57.4 0.9

---- 100.00 00.0 8.0 6.0 1M.0
rteli 1.00 4.1 93.0 U.9 U.9
,LMt O.01 73.1 76.7 6a.* 44.7

100.00 W00.0 106.0 106.0 16.0
1.06 "A1 63.4 92.1 U0.1
0.%1 92.5 76.2 U2.3 U2.4

+ * ."g I cc indin ots tw al u Sas.
MOM 0q ati tolot =mb1w m ou all a .6 m~ttodd ii ii IWmtesi* urn 1 a L a.p2.

I it ,s I tof a km loInmma S Is aml AU.

Table 3 show the straLn rate snsvitIvity of voodoum strss, seid
etlmt mouus, Input mergy, ad 4 ya sers o snergy for ts tissue fran

diffemnt primet . B ac thee pwrta rs deaemso with dmre--Ing
strain rates. " strain rates sasine four ocdrs €* amnite fro
100w/w to 0.0l/ss. "ae tvat esis energy swd the largest rate zon-
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tivity but when coppared with the corresponding input energy, the percent
hysteresis (defined as percent of hysteresis area to input energy) did not exhi-
bit high rate sensitivity for the tendon material. The peak stress values at
100%/sec were lower than anticipated due to the fact that the testing machine
did not consistently follow the conand function at high strain rates. This
resulted in a rounding of the extension-time profile with a lower than desired
extension peak. Therefore, in most cases the maximnum stress and tangent modulus
results show greater sensitivity between 1.0%/sec and 0.01%/sec, which way be
attributable to test conditions.

Ech primate tissue ws tested in cyclic strain at frequencies of 10, 1,
and 0.1 cps between the maxiaum and minimum amplitudes indicated in the test
protocol. The decrease in peak stress ws plotted against the logarithm of time
with the three tests plotted continuously. These data, in Figures 9-12, show a
continuing stress relaxation under cyclic strain. All stress values were normal-
ized by the initial peak stress which occurred at mxim amplitude daring the
first cycle. A smooth transition between the different frequencies, with tests
separated by a five minute wait, ws dcserved on all tests. The scatter of the
cyclic data was too large for identification of significant variation between
species. Comparisons between low to high frequencies cannc l be made because the
three different frequency tests were conducted at different times in a consis-
tent sequence in the testing protocol. The only way such a comparison could be
made would be to either (1) vary the order of test frequencies or (2) run single
frequency tests on many different specinns. The smooth transition between
frequencies may not indicate lack of frequency dependence, but instead a simple
tire response, dependent upon the total time of cyclic testing. The negative
slope of the linear region for the ligaments ranged between 0.012 to 0.037,
while for the tendons ranged between 0.021 to 0.043. The initial cyclic relaxa-
tion showed a short term relaxation phenmena similar to that cberved in stan-
dard relaxation tests.

Two types of short term viscoelastic effects were examined and compared.
The first type of viscoelastic effect ws the short term relaxation phenomena

repesetedby the change of the percent of peak stress at nmxinm strain aupli-
tude from cyclic relaxation data. A second examination of short term viscoelas-
tic effects used standard relaxation tests (See Figures 13 to 16) to measure the
short time (10-30 minutes) response. A normalized relaxation function, G(t),
can be wo-pratin as a linear function of the logarithu of time:

Gt) - 1 - )iln (t + 1)

G(t) is a reduced relaxation function defined by Fung (3) in a heredit-.ry
integral formlation. A measure of tissue viscoelasticity is given by tke
relaxation coefficient, p, and is calculated by finding the slope of the linear
region of these carves.

q The coefficiant varied from 0.022 to 0.038 for the ligaents and from
0.031 to 0.045 for the tendons. The scatter of the relaxation data did not
allow for comarion between species. %he the values from the relaxati data
were crpadr to the slep, values from the cyclic data for each primate time,
the values mvre q acaintely the same. This would seem to indicate that the
tissues relaz at th sam rate under the two dissimilar strain conditions.

" However, direct a m betso these two tests is difficult since they ware
performd at to dfement tim periods in the test seqme.
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